pediatric patients with cardiac diseases, increases the level of cyclic adenosine monophosphate in the myocardium and vascular smooth muscle. High levels of cyclic adenosine monophosphate enhance the contractility of the myocardium by increasing calcium influx and relaxing vascular smooth muscles, 1) therefore increasing cardiac output and decreasing afterload. Milrinone also has a lusitropic property, which improves myocardial relaxation.
2) Unlike other inotropes such as dopamine, dobutamine, and epinephrine, milrinone is not associated with an increase in myocardial oxygen consumption.
3)
Milrinone is widely used due to its inotropic, vasodilatory, and lusitropic properties. It is frequently prescribed after cardiac surgery due to its efficacy in preventing low cardiac output syndrome.
4) Milrinone is also commonly administered to pediatric patients with myocarditis as a bridge therapy for patients with heart failure who are waiting for cardiac transplantation. to improve heart contractility in patients with septic shock.
7)
Milrinone is currently one of the most commonly used off-label cardiovascular medications in children. 8) Although a few reports showed the efficacy and safety of short-term milrinone treatment (for about 35 hours) in children with heart disease, 9)10) the safety and efficacy of long-term use of milrinone in children is limited due to a lack of sufficient evidence-based studies in pediatric populations. Currently, milrinone is widely used for ≥3 days, which is usually based on extrapolation from studies in adults or clinical experience. Therefore, the objective of this study was to evaluate the safety and efficacy of the current pattern of milrinone administration for ≥3 days in pediatric patients.
Subjects and Methods

Study population
A retrospective analysis was conducted using data collected from patients who received milrinone treatment for ≥3 days at the Seoul National University Children's Hospital from January 2005 to December 2012. Patients aged <13 years were included in the study. Patients were divided into two groups based on the indication for milrinone treatment: group A consisted of patients who received milrinone to prevent low cardiac output syndrome after cardiac surgeries whereas group B consisted of patients who received milrinone treatment due to acute heart failures from causes other than cardiac surgeries.
Patients with the following conditions or those who underwent the following treatments were excluded from the study: 1) severe left ventricular outflow obstructive diseases such as aortic stenosis; 2) hypertrophic or restrictive cardiomyopathies; 3) milrinone administration immediately after cardiopulmonary resuscitation; 4) multiorgan failures; 5) simultaneous administration of ≥3 inotropes other than milrinone to increase blood pressure; 6) renal replacement therapies including peritoneal dialysis; 7) myocardial infarctions; 8) univentricular heart surgeries. However, patients receiving ≥3 inotropes were included if inotropes were added after an interval of >2 hours consecutively.
Parameters analysis
Patients' characteristics including age, sex, height, weight, and body surface area were recorded. The following parameters were analyzed to identify the clinical application of milrinone: 1) initial infusion rate; 2) maintenance continuous infusion rate; 3) total duration of milrinone therapy; 4) concomitantly infused inotropes. The operation and anesthesiology records of patients who had undergone cardiac surgeries were also studied to identify data related to anatomic diagnosis, type of surgery, time of cardiopulmonary bypass, and time of aortic cross-clamping.
Systolic blood pressure, heart rate, and echocardiographic data (the left ventricular internal dimension at end-diastole, ejection fraction, and fractional shortening) obtained before or immediately after starting milrinone treatment were compared to the values prior to treatment cessation. In cases where appropriate echocardiographic data could not be obtained on the day milrinone treatment was discontinued, echocardiographic data obtained within a week of the treatment endpoint were used.
The safety of milrinone was determined based on the occurrence of adverse events such as hypotension, arrhythmia, chest pain, headache, hypokalemia, and thrombocytopenia. Hypotension was defined as a sudden decrease in blood pressure within two hours after starting milrinone that necessitated the addition of inotropes or cessation of milrinone. The documentation of arrhythmias over the entire milrinone treatment period was analyzed. Twelve-lead electrocardiogram and rhythm strips were reviewed. Arrhythmia was classified as supraventricular tachycardia, ectopic atrial tachycardia, atrial fibrillation/flutter, accelerated junctional rhythm, junctional ectopic tachycardia, ventricular tachycardia, or ventricular fibrillation. Evidence of chest pains or headache during milrinone use were collected from the patient's chart. Potassium levels and platelet counts 24 to 48 hours after starting milrinone infusion were estimated. Hypokalemia was defined when serum potassium level of <3.5 mmol/dL. Thrombocytopenia was defined when platelet count of <50000/dL. 
Results
Demographics
In total, 2299 eligible admissions were identified during the study period. Of these admissions, a total of 730 admissions (684 patients) met the inclusion criteria and were selected for the present study. Twenty-seven patients received milrinone twice and one patient received milrinone thrice after serial cardiac surgeries. Most patients (715, 97.9%) received milrinone to prevent low cardiac output after cardiac surgeries. There were 715 admissions in group A and 15 admissions in group B. The male to female ratio was 5.6:1. The mean age of patients at the time of milrinone infusion was 0.82 years (Table 1). In total, 429 admissions (60%) in group A underwent cardiac surgeries at less than 3 months of age.
The most common cardiac defect was ventricular septal defect in group A (42.4%), followed by tetralogy of Fallot (11%) and coarctation of the aorta with ventricular septal defect (6.4%) ( Table 2) . Accordingly, the most common type of surgery was closure of the ventricular septal defect, followed by repair of tetralogy of Fallot and coarctoplasty. In group B, 12 patients were diagnosed with a dilated cardiomyopathy and 3 with acute myocarditis.
The duration of milrinone treatment ranged from 3 to 64.4 days. In 149 (20.4%) admissions, patients received milrinone infusion for ≥7 days. The mean initial infusion rate of milrinone was 0.51±0.15 mcg/kg per minute. The mean maintenance continuous infusion rate was 0.51±0.11 mcg/kg per minute. Other inotropes were used in 691 (94.7%) admissions. Two or more inotropes other than milrinone were used in 425 (59.4%) admissions. The most commonly infused inotrope in group A was dopamine (83.4%), whereas all patients in group B received dobutamine (Table 3) .
Efficacy
Systolic blood pressure, fractional shortening, and ejection fraction after milrinone treatment were significantly (p<0.05) increased in group A when compared to values obtained immediately after cardiac surgeries. However, there was no significant difference in systolic blood pressure, fractional shortening, and ejection fraction before and after milrinone treatment in group B. In both groups, heart rate was significantly (p<0.05) reduced after milrinone use (Table 4) . 
Safety
There were no reports of adverse events in the majority of admissions (78.7%) ( Table 5 ). Only 4 admissions (0.5%) had dose reduction of milrinone due to hypotension. One patient had complaint of chest pain. Three patients experienced headaches.
Although diverse arrhythmias occurred in 75 (10.3%) admissions, only 3 (0.4%) required reduction or discontinuation of milrinone infusion to alleviate arrhythmia. Two of them developed junctional ectopic tachycardia and one of them developed ectopic atrial tachycardia. One-third of patients in group B as well as approximately 10% of patients in group A developed arrhythmia. In total, 41 (58.6%) of the 70 arrhythmias in group A were classified as junctional ectopic tachycardia, whereas the most common arrhythmia identified in group B was ventricular tachycardia. The development of arrhythmia was not influenced by the initial infusion rate, maintenance continuous infusion rate, or duration of milrinone treatment. Based on univariate logistic regression analysis of group A data, the following parameters were associated with the development of arrhythmia: male gender, age ≥3 months, and cardiopulmonary bypass time ≥180 minutes. Multivariate analysis of group A data indicated that male gender and cardiopulmonary bypass time ≥180 minutes influenced the development of arrhythmia.
The incidence of hypokalemia was not rare. However, the incidence rate did not increase significantly (p=0.390), which was 108/ 730 (14.4%) at the initial point and 118/730 (16.2%) at 24 to 48 hours after starting milrinone treatment. Thrombocytopenia did increase slightly but significantly (p=0.039), which occurred in 4/729 (0.5%) at the initial point and 12/729 (1.6%) at 24 to 48 hours after starting milrinone treatment. Most patients in group A with thrombocytopenia required only a few platelet transfusions after cardiac surgeries. Platelet count was increased and maintained ≥50000/dL spontaneously in 2 admissions, after 1 platelet transfusion in 6 admissions, and after ≥2 platelet transfusion in 2 admissions. The cardiopulmonary bypass time (249.2±72.8 minutes vs. 153.1±70.4 minutes; p=0.000) and aorta cross-clamping time (141.1±59.9 minutes vs. 85.6±42.1 minutes; p=0.004) were significantly longer in group A patients with thrombocytopenia than in patients without thrombocytopenia. The initial infusion rate, maintenance continuous infusion rate, and duration of milrinone treatment were not associated with thrombocytopenia. Two patients in group B had a low platelet count due to additional medical illnesses such as hemophagocytic lymphohistiocytosis and fungal infection.
Discussion
In the present study, we reviewed the current patterns of milrinone use that continued for ≥3 days. We also evaluated the efficacy and safety of such treatment in pediatric patients. Of a total of 2299 eligible admissions in which milrinone was used, 730 (31.8%) admissions involved the use of milrinone for ≥3 days. The mean duration of milrinone use was 6.1±4.5 days. Although the Korean national insurance covers only 35 hours of milrinone use, we found that milrinone was frequently prescribed for a longer duration in actual settings, suggesting a significant off-label use.
Most (97.9%) admissions involved patients who received milrinone after cardiac surgeries. The frequent use of milrinone in pediatric patients undergoing heart surgery was supported by the findings of the Prophylactic Intravenous use of Milrinone After Cardiac Operation in Pediatrics (PRIMACORP) trial, which demonstrated that low cardiac output syndromes could be prevented by highdose milrinone infusion after pediatric cardiac surgeries.
10) Although the initial and maintenance milrinone infusion rates determined in the present study were lower than those previously reported in the PRIMACORP study, our values were similar to those reported in other European practices.
4)10)
In terms of efficacy issue, fractional shortening and ejection fraction were both improved after milrinone infusion in group A patients, which is in consistent with previous findings. 9)11) Chang et al.
9)
reported that milrinone treatment in neonates with low cardiac output after congenital heart surgery improved the cardiac index without changing myocardial oxygen consumption. Duggal et al. 11) documented that milrinone therapy improved the left and right myocardial performance index, a reliable index that reflects myocardial contractility. Our findings revealed no significant changes in fractional shortening and ejection fraction after milrinone infusion in group B, which is in contrary to previously reported data in adults.
12) The severity of the disease in group B is likely to have some influence on the results. Seven (46.7%) of the 15 admissions in group B involved patients who died due to underlying cardiac disease itself, reflecting the severity of disease in group B.
In terms of safety, several adult studies have shown detrimental effects of milrinone on hemodynamic stability in chronic heart failures. The Prospective Randomized Milrinone Survival Evaluation 13) trial revealed that oral administration of milrinone to patients with heart failure increased mortality and induced serious adverse cardiovascular events including hypotension. The Outcomes of a Prospective Trial of Intravenous Milrinone for Exacerbations of Chronic Heart Failure trial reported that sustained hypotension requiring additional treatment was more common in patients who received milrinone infusion for exacerbation of chronic heart failure.
14) However, in the present study, only 1 (6.7%) of 15 admissions in group B needed a reduction in milrinone dose due to a decrease in blood pressure, with the incidence of hypotension being lower than that reported previously in adult data. Furthermore, only 3 (0.4%) of the 715 admissions in group A experienced hypotension that required a N: number of admission reduction in milrinone infusion rate. This result was in consistent with previous pediatric data that reported an infrequent occurrence of hypotension in the milrinone treatment group after cardiac surgery.
10)
Milrinone use has been known to be associated with postoperative arrhythmia in adults that increased mortality and morbidity after cardiac surgery. 15) Arrhythmia is a concern following milrinone use in the pediatric population as well. Smith et al. 16) recently reported that approximately half of the pediatric patients receiving milrinone after cardiac surgery experienced arrhythmia. In the present study, various arrhythmias occurred in 70 (9.8%) of 715 admissions in group A. However, only 3 (0.4%) admissions required modification of milrinone infusion to manage arrhythmias. Our finding is in consistent with that from other studies, 17)18) indicating that the incidence of arrhythmia due to milrinone use in pediatric patients is relatively low after cardiac surgery. It should be noted that postoperative arrhythmias are common after cardiac surgery. Postoperative arrhythmia is associated with age, cardiopulmonary time, aortic cross clamping time, and type of repair. 19)20) In the present study, the initial infusion rate, maintenance infusion rate, and duration of milrinone treatment were not associated with the development of arrhythmia. However, in consistent with the previous findings, a longer cardiopulmonary time affected the development of arrhythmia in group A (Table 6) . Junctional ectopic tachycardia is the most common type of arrhythmia after cardiac surgery. 20) In the present study, the incidence rate of junctional ectopic tachycardia in group A was 5.7%. This result is in accordance with previous studies, which reported that the incidence rate of junctional ectopic tachycardia after cardiac surgery range from 1.4% to 14.7%.
21)22)
The relationship between junctional ectopic tachycardia and milrinone use has not been elucidated thus far.
23)
A study in adults showed that atrial arrhythmia developed more frequently in patients with chronic heart failure who received milrinone treatment.
14) However, the independent cause-effect relationship of milrinone with arrhythmia in pediatric patients with heart failure has not yet been established. Five (33.3%) of the 15 admissions in group B involved patients who mainly developed ventricular arrhythmia. In the present study, there was no significant difference in initial infusion rate, maintenance infusion rate, or duration of milrinone treatment between patients with or without arrhythmia in group B. In fact, heart failure due to myocarditis or dilated cardiomyopathy itself increased the vulnerability of the patients to tachyarrhythmia and conduction disturbance. 24) Ichikawa et al. 25) reported that 3 of 7 patients with fulminant myocarditis developed ventricular tachycardia or ventricular fibrillation. Friedman et al.
26)
also documented the high incidence rate of arrhythmia in pediatric idiopathic dilated cardiomyopathy.
The incidence rate of thrombocytopenia in the present study was lower than that in previous studies. Ten (1.4%) of the 715 admissions in group A involved patients who developed thrombocytopenia after milrinone treatment, which required a few platelet transfusions. Ramamoorthy et al. 17) previously reported that milrinone treatment resulted in a high incidence (58%) of thrombocytopenia (platelet count <100000/dL) that did not often necessitate platelet transfusions. Bishara et al. 18) further documented that 12.7% of admissions developed thrombocytopenia with milrinone treatment. However, it is difficult to identify milrinone-induced thrombocytopenia, because various factors could confound the observations, including the cardiac surgery itself. Cardiopulmonary bypass is known to be associated with thrombocytopenia that results from hemodilution and mechanical disruption. 27) In the present study, patients who developed thrombocytopenia had a longer cardiopulmonary bypass time and aorta-clamping time. Thus, patients with a more complex heart disease and longer bypass times during cardiac surgery would be more likely to develop thrombocytopenia. In contrast to amrinone, the first phosphodiesterase inhibitor used that was known to have adverse effect on platelets, milrinone did not alter platelet count or function in patients after cardiac surgery. 28) The fact that two (13.3%) patients in group B developed thrombocytopenia could be due to complications such as hemophagocytic lymphohistiocytosis and fungal sepsis, rather than due to milrinone use. Few studies have sufficiently investigated long-term milrinone use thus far. The utility of chronic continuous milrinone infusion for heart failure as bridge therapy to heart transplantation was proposed in a recent adult study. 6) McMahon et al. 29) demonstrated that long-term support with milrinone was safe and effective in infants with cardiomyopathy awaiting heart transplantation. Outpatient continuous parenteral inotropic therapy, including milrinone, has also been used in inotropic-dependent children with advanced heart failure. 30) Although these studies used small patient populations, the incidence of complications was sufficiently low to indicate the safe and effective potential of milrinone use in infants and children with heart diseases.
Study limitations
This study has several possible limitations. This study had a retrospective design which did not have a control group containing patients who did not receive milrinone. Moreover, all arrhythmias could not be included due to the study's retrospective nature. Furthermore, because the exclusion criteria of this study were relatively strict to appropriately clarify the efficacy and safety of milrinone use and reduce confounding factors, the patients who would be more susceptible to milrinone use could not be included. In surgically treated patients with congenital heart disease, we should have also considered the natural improvement of cardiac function after the corrective operation, which could be a confounding factor for evaluating the efficacy of milrinone use in this study. Finally, only a few echocardiographic data including ejection fraction and fractional shortening were used to evaluate milrinone efficacy due to the retrospective study design. If other echocardiographic data, such as tissue Doppler imaging findings, were available, a more accurate evaluation of the hemodynamic effects of milrinone would have been possible.
Conclusions
This is the largest retrospective study, to date, to evaluate the safety and efficacy of long-term milrinone use (≥3 days) in pediatric patients with cardiac diseases. Such long-term milrinone use is common in actual clinical practice, and milrinone is generally used for >35 hours in infants and children with heart disease. Our data revealed that the use of milrinone for ≥3 days was effective in preventing low cardiac output after cardiac surgery when combined with other inotropes. Therefore, milrinone could be safely used in pediatric patients with heart diseases.
